The effect of equivalent additions of nitrogen (N, 30-40 µM-N) in different forms (ammonium, NH were higher than those enriched with NH + 4 . Directionality of trends in enclosures were similar to phytoplankton community shifts observed in transects of the Sacramento River to Suisun Bay, a region in which large changes in total N quantity and form occur. These data substantiate the growing body of experimental evidence that dichotomous microbial communities develop when enriched with the same absolute concentration of oxidized vs. reduced N forms, even when sufficient N nutrient was available to the community prior to the N inoculations.
INTRODUCTION
Two classic tenets in oceanographic phytoplankton ecology are that ammonium (NH + 4 ) is used preferentially to nitrate (NO − 3 ) and that the fate of production on NH + 4 and NO − 3 differs in terms of the microbial community composition supported. The assimilation of NH + 4 is considered to be less energy expensive for the cell, and NH + 4 is more easily transported across the cell membrane than NO − 3 under both balanced growth or N limited conditions (Raven, 1984) . Field efforts have provided considerable evidence of preferential uptake of NH + 4 over NO − 3 at concentrations of NH + 4 exceeding a few µM. McCarthy et al. (1975) illustrated, for the Chesapeake Bay, the relationship between the fraction of total N utilized by natural assemblages and the concentration of ambient NH + 4 ; the uptake of oxidized forms of N never exceeded more than a few percent of the total N ration when NH + 4 concentrations exceeded 1-2 µM. Berman et al. (1984) illustrated the same pattern for Lake Kinneret and, more recently, Dugdale et al. (2007) reported a comparable relationship for San Francisco Bay estuarine phytoplankton.
In an oceanographic context, based on the concept of "new" and "regenerated" production it is generally assumed that NH coastal and estuarine environments, both forms of N can be supplied as "new" nutrients, and therefore the question emerges as to whether N form plays a similar regulatory role in shaping food webs as it does in the oceanic realm. In fact, dichotomous production of different phytoplankton communities with N form under N sufficiency is at odds with another paradigm of phytoplankton ecology; that nutrients cannot be controlling of phytoplankton composition when they are at levels sufficient to saturate the phytoplankton demand. As stated by Reynolds (1999, p. 31) , ". . . there should be no selective effect, consequential upon different affinities of storage capabilities for a nutrient resource, that might distinguish between the potential performances of any pair of planktonic algae, so long as the resource concentrations are able to saturate the growth demand. If that is true, then the ratio between the (saturating) concentration of any of the resources also fails to exert any regulatory significance." It is thus classically assumed, based on invariant kinetic relationships and cell quotas (e.g., Droop, 1983) , that when cells are growing at maximal growth rates (set by culture or environmental conditions of light, temperature, etc.), the total N taken up will be the same whether the cells are provided NO − 3 or NH + 4 (or urea or other forms of N), and therefore it has also been assumed in field studies and models that growth and phytoplankton biomass should respond similarly regardless of the form of N (e.g., Gowen et al., 1992) .
In recent years, the idea that regulation occurs across the entire spectrum of nutrient gradients has begun to take hold, replacing the notion that regulation of phytoplankton growth occurs only at the limiting end of the nutrient spectrum (Glibert et al., 2013 and references therein) . Recognition of the complexity and variability in uptake kinetics has contributed to our evolving ideas of regulation by nutrients and references therein). However, because of the persistent focus on the role of "limiting substrates," the effects of high nutrient concentrations on phytoplankton processes and composition has been significantly understudied. An important question in this context is whether the physiological and ecological consequences of dependence on NO − 3 vs. NH + 4 remain the same under nutrient sufficiency as under nutrient deficiency.
Moreover, growth in and of itself is not the only ecologically relevant parameter. A clear example of this is many mixotrophic, toxic dinoflagellates have inherently slower growth rates than their non-mixotrophic counterparts, namely diatoms, yet play key roles in ecological functioning (e.g., Flynn et al., 2013) . Related important ecological concepts are how the nutrient signal propagates through the food web, whether variance in nutrient constituents can be related to that of primary producers and whether variances in each step of the food chain can be related to each other. While individual nutrients, light availability, and cellular nutrient ratios regulate the growth rate of phytoplankton, the wide plasticity of cell composition in algae under both nutrient limited and nutrient-saturated conditions alters the elemental quality of the algal food available to grazers. What is unclear is whether changes in nutrient quality under conditions of nutrient sufficiency alter the composition of the primary producers that, in turn, have an effect on the composition of the food web.
These questions have a high degree of relevance for the San Francisco Bay Delta ecosystem (Figure 1) . This system is one in which the regulatory role of nutrients has been historically dismissed because most nutrients have been assumed to be at levels that saturate (maximize) phytoplankton growth; instead phytoplankton growth has been considered to be regulated primarily by light limitation (Cole and Cloern, 1984; Alpine and Cloern, 1992; Cloern and Dufford, 2005) and biomass is thought to be limited by grazing (Kimmerer, 2004) . However, over the past decades there have been large changes in phytoplankton community composition and the role of nutrients in these changes has received increasing scrutiny because nutrient loads are high and increasing (e.g., Wilkerson et al., 2006; Dugdale et al., 2007 Dugdale et al., , 2013 Van Nieuwenhuyse, 2007; Glibert, 2010; Glibert et al., 2011 Glibert et al., , 2013 . One of the major sources of nutrients to the Bay Delta is sewage effluent (Van Nieuwenhuyse, 2007; Jassby, 2008) , with one of the largest wastewater treatment plants (WWTP) discharging N primarily as NH + 4 at the rate of 14-15 tons day −1 , and at concentrations that have increased from ∼10 mg L −1 when the plant came on line in the early 1980s to > 20 mg L −1 in the 2000s (Glibert, 2010; Glibert et al., 2011) . Approximately 90% of the total N in northern San Francisco Estuary originates from this single point source (Jassby, 2008) .
Although nutrient effects have been dismissed as controlling factors in San Francisco Estuary in favor of factors such as light and grazing, the more subtle ecological impacts of NH + 4 loading and the importance of changes in NO − 3 :NH + 4 in phytoplankton succession are beginning to be considered as important factors that may have contributed to historical changes seen in the food web (e.g., Dugdale et al., 2007 Dugdale et al., , 2012 Glibert, 2010 Glibert, , 2012 Glibert et al., 2011; Parker et al., 2012a,b) . Not only have dominant species changed in this system, but rates of primary production have also declined over the course of the past few decades (e.g., Jassby et al., 2002; Kimmerer et al., 2012) . In particular, increased NH + 4 loading relative to NO − 3 in conjunction with changes in nitrogen (N) and phosphorus (P) stoichiometry are now thought to be related to the long-term changes in the food web because of their effects on the dominant primary producers (Dugdale et al., 2007 (Dugdale et al., , 2012 Glibert, 2010; Glibert et al., 2011) . While phytoplankton productivity throughout most of the year is, in fact, supported by NH + 4 , productivity on NH + 4 is reduced relative to that of NO − 3 due to differences in cellular metabolism of NH + 4 vs. NO − 3 and the resulting phytoplankton community that differentially develops under these different substrates (Dugdale et al., 2007; Parker et al., 2012a,b; Glibert et al., 2014) . The reduction in N productivity with increasing NH (Dortch, 1990) ; in general, with increasing concentrations of NH + 4 , the cell down-regulates its ability to take up or assimilate NO concentrations is a near complete suppression and examples of this relationship in the literature abound (e.g., Caperon and Ziemann, 1976; Collos et al., 1989; Dortch et al., 1991; Flynn, 1999; Lomas and Glibert, 1999a,b; Maguer et al., 2007; L'Helguen et al., 2008) . While the relationship between NH + 4 availability and NO − 3 uptake and transport suppression is robust, it is now recognized that down-stream metabolites, not NH + 4 per se, are responsible for this down-regulation (e.g., . In most algae, the regulation is via the size of the glutamine pool, and such regulation has been incorporated into biochemical models that simulate the interactions of NH + 4 and NO − 3 in "generic" algae based on a cell quota approach (e.g., ).
Here we directly tested the effects of alterations of nutrient form on phytoplankton composition and rates of N-based productivity for samples collected from the freshwater and low salinity reaches of San Francisco Estuary. Understanding the factors changing this ecosystem is crucial to water management, but understanding how aquatic trophic cascades are modified by nutrients and other factors is a key scientific question and a major challenge more broadly (e.g., Carpenter and Kitchell, 1993; Polis and Strong, 1996) . As part of a broader study of the effects of nutrient forms and light on phytoplankton, we report on a series of enclosure experiments in which samples were collected from different locations along a river to bay transect during different seasons, enriched with NH + 4 or NO − 3 and tracked over a period of several days when incubated under different light treatments. We focus only on the effects of additions of the inorganic nutrient forms of NH + 4 and NO − 3 because of the direct relevance of these forms to the potential effect on the composition and productivity of primary producers that might be expected as a result of management actions to increase nitrification in WWTP processing of effluent in the coming years. We specifically hypothesized that a greater proportion of diatoms would be produced when samples were enriched with NO 4 ; and that if samples were indeed light limited, a lower rate of production overall would be evident at reduced light levels of incubation. We expected these changes even against a background of elevated nutrient concentrations in the ambient environment. These experiments supplement and extend previous "enclosure" experiments conducted in Bay Delta waters (Dugdale et al., 2007; Parker et al., 2012a) in which N depletion trends and N uptake rates were measured on samples that did not receive supplement nutrient enrichments.
MATERIALS AND METHODS

SITE DESCRIPTION AND SAMPLE COLLECTION
The San Francisco Estuary consists of South San Francisco Bay, Central Bay, San Pablo Bay, Suisun Bay, and the SacramentoSan Joaquin Bay Delta, a complex of rivers, channels, wetlands, and floodplains (Atwater et al., 1979; Nichols et al., 1986; Muller-Solger et al., 2002) . The upper estuary is an inverse delta and receives the majority of its flow from the Sacramento and San Joaquin Rivers (Figure 1 , Atwater et al., 1979; Nichols et al., 1986) . The Sacramento River is the larger river, contributing ∼80% of the freshwater to the system (Jassby, 2008) ; the upper reaches of the Sacramento River drain 61,721 km 2 , while the upper San Joaquin River drains 19,030 km 2 (Sobota et al., 2009) . With exception of the deeper Central Bay, the mean depths of the various sub-embayments in the estuary range from 3.3 to 5.7 m (Kimmerer, 2004) .
Samples were collected from the R/V Questuary during 4 seasons over 2 years, September 2011, March 2012, September 2012, and March 2013. During each period of sampling, a transect from the upper Sacramento River to Suisun Bay was conducted, with sites beginning above the Sacramento WWTP and ending at Suisun Bay (Figure 1) . Each survey was conducted during outgoing tide, although the absolute phase of the tide was not the same for each sampling period. At each station, a Seabird Electronics SB-32 rosette mounted with 6, 3-L Niskin bottles and fitted with a Seabird SBE-19 plus CTD was deployed to collect vertical profiles of temperature and salinity and to collect near-surface water samples.
At each site, samples were immediately filtered on board (precombusted, 2 h 450 • C, Whatman GF/F filters) for the collection of chlorophyll a (chl a), and accessory pigments (accessory pigments were not collected in September 2011). Filters were immediately frozen and returned to the laboratory for analysis. The filtrate was also stored on ice, returned to the laboratory and immediately analyzed for NH During September 2011 and March 2012, over 400 L of water were also collected from the site identified as Garcia Bend (GRC), which is located just above the Sacramento WWTP, and during September 2012 and March 2013 similar bulk collections of water were undertaken at Garcia Bend as well as in Suisun Bay at site USGS4. This water was pre-screened through 150 µm mesh to remove large grazers, held in large carboys, shaded and returned to the shore-based laboratory at the end of the day. , with cubitainers from each site being enriched with each N form in parallel. The level of N enrichment was targeted to raise the total available N to a value >40 µM, representing a change that was >2-fold larger than that observed in NH + 4 along the riverine transects. The cubitainers were then placed in large (1000 L), water-filled enclosures to maintain ambient temperatures. They were covered with either a single layer of neutral density screening to simulate 60% neutral irradiance (high light) or with 3 layers of neutral density screening to simulate 15% of natural irradiance (low light). The overall experiment was thus a 2 × 2 factorial, with 2 N sources and 2 light treatments. Cubitainers were incubated under these conditions for up to 5 days.
On a daily basis at midmorning, subsamples were collected from each cubitainer and immediately filtered as described above for chl a, accessory pigments and ambient nutrient concentrations. Samples for chl a were subsequently extracted as described below, while samples for accessory pigments (collected only on selected days) were flash frozen in liquid N 2 until subsequently analyzed. The filtrates were also frozen for nutrient analysis.
At the same time subsamples were collected for nutrient and pigment analysis, subsamples from the cubitainers were also collected on days 1-2 (September 2011, March 2012) and on days 1-5 (September 2012, March 2013) for determination of the rates of uptake of NH + 4 and NO − 3 . Sufficient sample was removed from each cubitainer to prepare 3, 200 mL incubation bottles to which an additional 30 µM-N were added to each, but each bottle was enriched with a different form of 15 N-labeled substrate: NH + 4 , NO − 3 or urea. These 15 N enrichments were at levels that were assumed to be more than sufficient to saturate the N uptake system (these enrichments supplemented the initial NH + 4 or NO − 3 enrichment of the cubitainers). These enrichments were designed to be large, pulsed additions and were not representative of "trace" uptake. The goal was to characterize how the phytoplankton responded to a pulsed addition, analogous to the interception of a plume of effluent in a river. Each bottle was immediately returned to the enclosures under screening that was the same as the cubitainers from which the respective samples were taken. Incubations for 15 N uptake were ∼1 h, after which time the bottles were removed from the enclosure, immediately filtered onto Whatman precombusted GF/F filters and frozen. Samples were later analyzed by mass spectrometry as described below.
ANALYTICAL PROTOCOLS
Ambient nutrients were analyzed using manual colorimetric assays (NH Solórzano (1969) . Samples from the transects were never frozen, while daily samples from the cubitainers were frozen. Concentration of NO − 3 was analyzed on samples from the transects that were also never frozen, using a Bran and Luebbe Autoanalyzer II according to Whitledge et al. (1981) and Bran and Luebbe (1999c) Method G-172-96, while cubitainer samplings for NO − 3 as well as PO 3− 4 and silicate (Si(OH) 4 ) were analyzed on the same instrument after a period of frozen storage, although there was a 24 h thawing period before analysis (MacDonald et al., 1986) . Methods for these latter analytes were Bran and Luebbe (1999b) Method G-175-96 and for Si(OH) 4 , Bran and Luebbe (1999a) Method G-177-96. Samples for chl a were analyzed using a Turner Designs Model 10-AU fluorometer following a 24 h 90% acetone extraction at 4 • C (Arar and Collins, 1992) , and a 10% hydrochloric acid addition to correct for phaeophytin. The fluorometer was calibrated with commercially available chl a (Turner Designs).
Accessory pigment samples were frozen at −80 • C until analysis, approximately 6 weeks after sampling. They were processed by High Performance Liquid Chromatograph (Agilent) following the protocols of Van Heukelem and Thomas (2001) . All 15 N analyses were done on a Sercon mass spectrometer following drying of the filters and encapsulation into tin capsules.
CALCULATIONS AND STATISTICAL ANALYSES
For each cubitainer for each day of incubation, the daily change in inorganic N (typically removal) and the daily change in chl a or accessory pigments (typically increase) were calculated and compared, thus giving a daily chl a or pigment yield per unit N consumed. In sum, accounting for all sites and seasons, for each light level, there were 22 pairs of N treatments for which such calculations were possible for chl a. Given that accessory pigments were only collected on selected days, there were 14 such paired treatments.
For each incubation irradiance condition and each N form, all data from all dates of sampling and stations were combined. Pearson correlation analysis was used to compare the strength of the response in each pigment in relation to the change in total DIN. The strength of the correlation (Pearson correlation coefficient, r) and the rates of change (slopes or regression coefficients) for all treatments (high vs. low irradiance with NH + 4 or NO − 3 enrichment) were calculated. Significance of the regressions is reported for both p < 0.05 and p < 0.01 levels.
For the 15 N analyses conducted on each day for each cubitainer, rates were calculated as biomass-specific uptake rates, V (h −1 ), using the following formula (Dugdale and Wilkerson, 1986; Glibert and Capone, 1993) :
where atom % sample is the 15 N enrichment in the sample, atom % normal is the natural 15 N background enrichment, and 15 N atom % enrichment is the initial isotope enrichment based on added plus ambient substrates (Glibert and Capone, 1993) . Given the elevated concentration of 15 N made to these experiments, these rates are assumed to be representative of V max and no isotope dilution correction was necessary (Glibert et al., 1982; Glibert and Capone, 1993) . The individual rates for NH the actual uptake by the cells but rather the potential for N uptake should all forms of N be provided at or near saturating conditions. These summed rates were compared across N and light treatments for each day of incubation of the cubitainers. When summed, the values are referred to as N-based productivity rates (Wilkerson et al., 2006) ; here they represent maximal N-based productivity rates. Data were analyzed using a 2-Way ANOVA.
RESULTS
AMBIENT ENVIRONMENTAL CONDITIONS AND RIVERINE TRANSECTS
Changes in nutrient concentration and form were apparent in all transects (Figures 2A-D) . In all but March 2012, a large (20-30 µM-N) increase in NH + 4 was noted just south of the Garcia Bend site, which is also just south of the WWTP discharge site.
A smaller peak (∼7 µM-N) in NH + 4 was noted during March 2012 in the same river region. While increased concentrations of NH + 4 were detected in all cases below the Garcia Bend site, it is recognized that our surface sampling does not capture the peak of the effluent plume. While it is not known why the March 2012 peak was smaller than that observed during the other seasons, the WWTP does alter its discharge, even holding it for several days without discharge, depending on conditions at the plant at the time. As water moved from the Sacramento River toward Suisun Bay, the NH The trends in chl a along the river to bay transects were highly variable from sampling period to sampling period (Figures 2E-H) . In general, concentrations of chl a were < 3 µg L −1 regardless of sampling site or time period, but there was one important exception to this trend. In March 2013, all chl a-values were higher by a few µg L −1 than observed in previous time periods and at site USGS2, a spatially limited phytoplankton bloom was found, with chl a-values reaching 30 µg L −1 (Figure 2H) . Interestingly, in September 2011, the same USGS2 site had a depression in chl a-values (from ∼2.5 to 0.5 mg L −1 ) compared to the other sites along the transect (Figure 2E) .
Large changes were observed in accessory pigments along the riverine to bay transect, indicative of changes in species composition (Figure 3 ; note that no accessory pigment data are available for September 2011). Whether the accessory pigment data are expressed in relation to concentrations of chl a (Figures 3A,C,E) , or in relation to concentrations measured at Garcia Bend (located above the WWTP; Figures 3B,D,F) , the pattern is fundamentally the same: decreased concentrations of fucoxanthin, suggestive of fewer diatoms, and increased concentrations of alloxanthin, suggestive of more cryptophytes. In all cases, fucoxanthin declined from the upper Sacramento River to Suisun Bay, although secondary peaks in fucoxanthin:chl a were noted in Suisun Bay in both March 2012 and September 2012 (Figures 3A,C) . Alloxanthin increased toward Suisun Bay relative to both chl a and relative to values at Garcia Bend in all transects. In September 2012, an increase in zeaxanthin (generally indicative of cyanobacteria) toward Suisun Bay was also noted. Chl b had a pronounced increase toward Suisun Bay in March 2013 when viewed both in relation to chl a and relative to values determined at Garcia Bend (Figures 3E,F) .
Samples used in the N enrichment experiments were collected during periods in which temperatures ranged over a gradient from 11 to 19.6 • C ( Table 1 ) and salinities were fresh (all salinities <5.9, and most ≤1.0). Secchi depths reflected the turbid conditions of river and bay, with values ranging from 0.3 to 1.3 m, but consistently the upper Sacramento River had higher light penetration than did Suisun Bay ( Table 1) . Ambient chl avalues did not vary by much more than a factor of 2 (1.91-4.60 µg L −1 ) across the variable spatial and temporal sampling. Nutrient concentrations for all inorganic N and P forms were never at levels reflective of depletion; NH 
RESPONSES IN PHYTOPLANKTON PIGMENTS TO DIFFERENT FORMS OF N AND IRRADIANCE LEVELS
In the enrichment experiments, when all data from all sites and seasons were compiled, a linear relationship emerged when the daily rate of change in chl a was compared to the daily change in N (Figures 4A,D; r > 0.66 in all cases; Table 2 ). However, the rate of change in chl a differed significantly for those samples enriched with NH Table 2 ; significance of t-statistic for regression comparison <0.01). The chl a yield for all high light treatments was ∼1 µg chl a:1 µM N.
When the daily yields in individual pigments are compared in the analogous way, the responses were quite varied (Note that the responses for fucoxanthin are illustrated in Figures 4E-H ; the slopes of the regression lines for all pigment changes in relation to changes in N are compared in Figure 5 ; Table 2 compares all regression statistics for all pigments). For fucoxanthin, as with chl a, there was approximately a doubling of the yield per unit N consumed for samples that were enriched with NO Figures 4, 5) . When changes in fucoxanthin were compared to changes in chl a, all treatments were significantly related and not different from each other (r = 0.72-0.89; not shown).
The response of alloxanthin to change in N form differed somewhat from those of the aforementioned pigments. In this case, significant increases in relation to changes in N were observed for samples enriched with NH Table 2 ). Highest yields in alloxanthin were found for samples incubated with NO − 3 at low light ( Figure 5 ). All alloxanthin responses were significant when compared to changes in chl a (r > 0.64; not shown).
The responses of chl b and zeaxanthin were quite different from those of fucoxanthin and alloxanthin. For these pigments, the most significant relationships in terms of the change in pigment in relation to change in N were observed in the treatments that were enriched with NH + 4 and incubated at high light (r = 0.67 and 0.70, respectively; Figure 5 , Table 2 ; significance of tstatistic for regression comparisons of both pigments at high vs. low light <0.01). In the case of chl b, but not zeaxanthin, samples incubated with NO − 3 and also held under high light were significantly related to the change in N ( Table 2) . Additionally, whereas there was a relationship between change in N and change in zeaxanthin for the NH + 4 and high light treatment, no such relationship was observed for the change in zeaxanthin in relation to the change in chl a (r < 0.5, p > 0.05, not shown) suggestive that under these conditions the proportional change in zeaxanthin was greater.
BIOMASS-SPECIFIC N PRODUCTIVITY RATES
In contrast to the classic assumption that when provided nutrients in sufficiency, rates of uptake should not vary by N form, here it was found, based on 15 N uptake measurements, that maximal N-based biomass-specific productivity rates (V max h −1 ) were consistently higher for those samples taken from experimental cubitainers that were initially enriched with NO compensate, and therefore total rates were lower. Thus, every one of the 14 experiments had rates of summed uptake for the NO − 3 enrichments that were higher than for the NH + 4 enrichmentseven though in each case the pairs of treatments had exactly the same amounts of added N. Averaging all data from all dates, the rates of summed V max (and the same is the case for average V max ) for the NO − 3 enrichment treatments were 65% higher than those of the NH + 4 enrichment treatments. A Two-Way ANOVA confirmed that there were significant effects with regard to substrate form (p < 0.0001) but not with light for either substrate.
DISCUSSION
The range of nutrient values from the riverine transects described here (Figure 2) are consistent with previously reported nutrient values in the Sacramento River in 2005 (Parker et al., 2012a,b) . Previous studies have also observed a large step increase in NH were >30 µM-N, NH + 4 values ranged from 1.3 to 16 µM-N, PO 3− 4 values were >2 µM-P, and Si(OH) 4 values were >200 µM-Si (Wilkerson et al., 2006) . Values of chl a along the transects (Figure 3) were also consistent with previously reported ranges for this region of the estuary for most years (Wilkerson et al., 2006; Kimmerer et al., 2012; Parker et al., 2012a) . Both previous studies reported ambient chl a in Suisun Bay to be in the 1-2 µg L −1 range for most of the year (occasional blooms excepted), and long-term data covering the period from 1975 to 2005 also show that Suisun Bay chl a-values tend to be <5 µg L −1 on average. Because of the seeming abundance of ambient nutrients in contrast to the chl a levels accumulated, this system is typically characterized as a High Nutrient Low Growth or Low Chlorophyll (HNLG or HNLC) region (Cloern, 2001; Yoshiyama and Sharp, 2006; Dugdale et al., 2007) . Suppression of productivity by elevated NH + 4 levels is thought to be a major factor contributing to the low growth/low biomass in this system.
The values of chl a yield found here ranged from ∼1 µg chl a:1 µM N for both nutrient enrichment conditions at high irradiance levels as well as for reduced irradiance with NH + 4 enrichment, but about twice that value, ∼2 µg chl a:1 µM N, for samples enriched with NO − 3 and held under reduced irradiance. These values are comparable to previous values of chl a yield reported from a range of environments (Gowen et al., 1992; Edwards et al., 2005) . Gowen et al. (1992) reported a range from 0.25 to 4.4 µg chl a:1 µM N, with a median of 1.1 µg chl a:1 µM N for Scottish coastal waters, and a similar range was found by Edwards et al. (2005) in studies of a coastal lagoon and of the coast of Portugal. Although both investigators compared various environment or seasonality in their assessments of chl a yields, and recognized that different phytoplankton communities likely contributed to the differences in such yields, neither reported the effects of changing forms of N nor related their findings to variable N forms.
Phytoplankton ecologists have long known that NH + 4 is energetically favored over NO − 3 (Raven, 1984) and thus it is thought to be universally preferred as an N substrate. The evidence for NH + 4 preference is several-fold, much of this understanding grounded in the classical physiological literature, and, importantly, in studies where N was the limiting nutrient. In culture experiments where both NH + 4 and NO − 3 are supplied together, as well in experimental mesocosm experiments in which both substrates are available, the typical pattern is for NH + 4 to be drawn down first, and only then is NO − 3 used in any substantial way, as evidenced by disappearance from the water or media provided. However, except in culture studies, rarely are natural phytoplankton in an environment in which only one form of N is available, and this condition is particularly rare in nutrient-enriched or eutrophic environments. More typically in such conditions, a cell is balancing the uptake of both oxidized and reduced forms of N. Importantly, different phytoplankton functional groups differ in their ability to take up and assimilate different forms of N, and molecular genetics on NO Regressions that were significant at the p < 0.01 level are indicated by * * ; those that are significant at the p < 0.05 levels are indicted by * . Note that slopes for regression that were not significant are shown as pale bars without outlines and their confidence intervals are given for reference purposes only. Further details of the correlation statistics are given in Table 2 .
differences between the major algal groups (Song and Ward, 2007) . Diatoms tend to have more copies of high affinity transporters for NO − 3 , while some picoplankton and cyanobacteria may not have any (Lindell and Post, 2001; Moore et al., 2002; Song and Ward, 2007) . Moreover, for many cyanobacteria, the high affinity transporter for NH + 4 is not regulated at all, being constitutively expressed (Lindell and Post, 2001) . Similarly, NO − 3 reductase shows a great deal of genetic diversity across species groups. The net effect of these metabolic differences is that, as a generality, diatoms appear to be NO − 3 specialists, while many cyanobacteria are NH + 4 specialists Glibert, 1999a,b, 2000) .
The concept of differential rates of production under NH + 4 vs. NO − 3 enrichment, even when the total load remains the same, is not necessarily intuitive and therefore has not traditionally been appreciated in nutrient-enriched systems, even though it is well accepted in oceanic environments. In order to have effects on higher trophic levels, it is often assumed that the levels of NH + 4 must be in the range that causes direct toxicity, and typically that is considered only relevant when NH 3 , rather than NH + 4 is the dominant form. However, any environmental factor that affects the availability of substrates, the nutritional state of the cell, the regulation of photosynthesis, or the rate of enzyme activity will affect the rates by which NH to appreciate. While NH + 4 can be characterized as a paradoxical nutrient-preferentially used at one end of the concentration spectrum when N is limiting and toxic to the cell when supplied at super-saturating levels (Britto and Kronzucker, 2002) , its regulatory effects span the entire spectrum of its availability.
The responses shown here by individual components of the phytoplankton communities were as hypothesized based on the oceanographic paradigms of response to oxidized (classically termed "new") vs. reduced (classically termed "regenerated") N forms. These data provide direct experimental evidence that dichotomous phytoplankton communities developed when enriched with the same absolute concentration of oxidized vs. reduced N forms, even when seemingly sufficient N nutrient was available to the community prior to the N inoculations (Figures 4, 5) . These observations are contradictory to the notion of Reynolds (1999) that at or near saturation of the growth demand, different types of algae should not have differential success when nutrients change but remain at saturated levels. The Reynolds idea has heretofore been used to argue that if nutrients are not limiting for growth in the San Francisco Bay Delta then some other factor, namely light must be limiting for phytoplankton growth (Cole and Cloern, 1984; Jassby et al., 2002) .
Overall, greater response by fucoxanthin-containing organisms (diatoms) was observed in those samples enriched with NO − 3 and incubated under reduced irradiance, and greater responses by zeaxanthin and Chl b-containing organisms (predominantly cyanobacteria and chlorophytes) were observed in samples enriched with NH + 4 and incubated under higher irradiance. Where pigment changes were significantly correlated to changes in N on a daily basis, the relationships were not a function of seasonal or site differences: data from different seasons and sites fell on the same trend line. The experimental results shown here also are supportive of reduced rates of Nbased productivity for samples incubated with NH + 4 enrichment compared to those incubated with NO − 3 enrichment (Figure 6 ). These data add to the emerging body of evidence that such responses are not solely observed in oligotrophic systems. The pattern of low rates of productivity in the presence of elevated NH + 4 conditions in the Sacramento River and Suisun Bay is comparable to observations in other river, estuarine and coastal ecosystems impacted by wastewater effluent (MacIsaac et al., 1979; Yoshiyama and Sharp, 2006; Waiser et al., 2011) . The inhibitory effect of NH + 4 on diatoms seen here has, for example, been observed in other estuaries, such as the Delaware Estuary and the inner bay of Hong Kong Harbor (Yoshiyama and Sharp, 2006; Xu et al., 2012) . In the Delaware Estuary, inhibition by NH + 4 was greatest when diatoms dominated (Yoshiyama and Sharp, 2006) . A series of 3-week nutrient-rich mesocosm experiments conducted in Wascana Lake, Saskatchewan, Canada, yielded largely similar findings: total cyanobacterial biomass was associated with NH + 4 additions, but diatom biomass was associated with NO − 3 additions (Donald et al., 2013) . And, earlier mesocosm experiments conducted in eutrophic Delaware Bay revealed higher primary production with NO − 3 than with NH + 4 (Parker, 2004) .
The responses reported here were also related to the exposure irradiance level, but not necessarily in a manner originally anticipated. Whereas light has previously been thought to be limiting in this system (e.g., Cole and Cloern, 1984) , low light enhanced the N-based yields of chl a, fucoxanthin and alloxanthin, while high light enhanced the response of chl b and zeaxanthin. However, pigment yields are a product of both cell growth as well as photoacclimation. The light responses here suggest that rather than being light limited, cells were lowlight adapted and, in fact, may have experienced some degree of photoinhibition in the treatments with higher irradiance. It is interesting to compare these responses in the experimental manipulations to light responses along the riverine transects. In all of the transects reported here, Secchi depths were never greater than 1.6 m, and the greatest light penetration was always observed in the Sacramento River, above site USGS655. Reductions in light penetration were noted in Suisun Bay compared to the upper reaches of the river (Table 1) , as also previously observed by Parker et al. (2012b) . In all transects, fucoxanthin declined downriver (with the exception of two single sites around USGS2 in March 2013). Shifts away from diatoms in the transects in the region of Suisun Bay occurred despite the decrease in light penetration, the opposite direction of our experimental findings in which more fucoxanthin was produced in treatments with lower light. These shifts in community composition were, however, consistent with a lesser production of fucoxanthin in waters influenced by the NH . If light were the dominant regulatory factor, we would have expected to see shifts in community composition along the transects that compared at least in directionality with those of the experimental high vs. low light manipulations. The difference in the experimental enclosures when incubated with differing nutrient forms were indeed consistent with trends in changes in pigments, and we thus suggest that the large nutrient changes, delivered over a short section of the river, were the dominant factors contributing to changes in phytoplankton community composition, observed along the riverine to bay transects (Figure 3) .
During September 2012 (the only September for which pigment transect data are available), a large increase down-river in zeaxanthin was also noted. Cyanobacteria not only are preferential users of NH + 4 compared to NO − 3 (Berg et al., 2003; Glibert and Berg, 2009 ), but they also are favored under the warmer temperatures of that season compared to temperatures observed in March (Paerl and Huisman, 2008) . All transects had a >100% increase in alloxanthin (relative to values at Garcia Bend) beginning at the riverine site where the pulse of NH + 4 became pronounced-a trend also consistent with reductions in water column transparency from the upper river to the bay (not shown).
There are a number of important implications of these data in the context of management implications of nutrient loads in the San Francisco Bay Delta region. These results bear substantially on the ongoing management debate in the Bay Delta region concerning the importance of reducing total N loads from sewage effluent and/or adding nitrification with or without N reductions. Water management in California is challenging and contentious, and a significant fraction of the water supply for state needs is extracted from the Delta. The Bay Delta is also the subject of considerable national public awareness due to the sociopolitical and socioeconomic tension surrounding the plight of the endemic delta smelt (Hypomesus transpacificus), a small (length ca. 6 cm) fish whose decline has been taken as a sign of adverse environmental conditions in the region. The delta smelt was put on the Threatened Species list in 1993 (Wanger, 2007a,b) and it underwent further population decline along with longfin smelt (Spirinchus thaleichthys), threadfin shad (Dorosoma petenense) and young-of-the-year striped bass (Morone saxatilis) in the early 2000s (Sommer et al., 2007) . Accelerated losses during the last decade have been termed the "Pelagic Organism Decline" (POD) period (Sommer et al., 2007) . An important question is whether fish declines are related to changes in both abundance and species composition of the primary producers, and if so, are the changes in primary producers a result of shifts in nutrient quantity and quality? Before 1982, chl a concentrations in Suisun Bay were relatively high, averaging 9 µg L −1 , with numerous values exceeding 30 µg L −1 , and diatoms and delta smelt were abundant. The decline in diatoms, which began in 1982, has been shown to be highly correlated with the increase in NH + 4 loading that occurred with the start of the operations of the WWTP on the Sacramento River (Dugdale et al., 2007; Glibert, 2010; Glibert et al., 2011) . Beginning around 1999, when sharp declines in fish species began to be noted, NH + 4 loading from wastewater discharge increased >25%, from ∼9 tons day −1 to 12-14 metric tons day −1 , and flagellates and cyanobacteria emerged as the dominant phytoplankton class (Lehman, 1996; Muller-Solger et al., 2002; Lehman et al., 2005 Lehman et al., , 2008 Brown, 2010; Glibert, 2010; Glibert et al., 2011) .
The data herein lend support to a growing experimental body of evidence that an important management strategy for the San Francisco Bay Delta is the planned improvement in effluent N discharge through nitrification and denitrification; such a strategy is projected to increase the proportional production of diatoms and should lead to an increase in food quality (and amount) for fish and other higher trophic level consumers (Wilkerson et al., 2006; Dugdale et al., 2007 Dugdale et al., , 2012 Glibert, 2010; Glibert et al., 2011; Parker et al., 2012a,b) . Based on the data here, it can be inferred that by increasing the fractional availability of NO − 3 relative to NH + 4 , N-based production should increase, as will the yield per unit N of both chl a and fucoxanthin in this low-light environment. This growing consensus is further supported by recent modeling efforts of Dugdale et al. (2012; . Dugdale et al. (2012) developed a conceptual model that correctly predicted the development of two unusual spring phytoplankton blooms in Suisun Bay based on only three criteria: the rate of NH + 4 loading (based on present day sewage effluent loads), the water column concentration of NH + 4 , and river flow (analogous in steady-state chemostat growth to "washout"). This conceptual model was further advanced in a one-dimensional, N-based model (Dugdale et al., 2013) that included terms for the time-varying rates of maximum NO conditions. The modeled high-biomass, NO − 3 -based, high-productivity state is analogous to the pre-1982, diatom era during which delta smelt were plentiful (Glibert, 2010; Glibert et al., 2011) . Interestingly, in 2014, a major spring bloom was observed in Suisun Bay that also conformed to the low-flow, high NO − 3 , high biomass state. This bloom is thought to have been a response to the long-term drought that not only resulted in longer residence time for phytoplankton growth and accumulation, but also allowed a longer period of time for nitrification to occur, reducing sewage-derived NH + 4 to a level where the NO − 3 could be accessed for uptake and growth (Glibert et al., 2014) . The modeled low-biomass, low-productivity state based on NH + 4 is analogous to the post-1982 cryptophyte/flagellate era that is related to the decline of smelt, threadfin shad, and young-of-the-year striped bass (Glibert, 2010; Glibert et al., 2011) .
Placing these findings in the context of other observations of physiological changes in phytoplankton metabolism along the entire spectrum of nutrient availability suggests that the form of N plays a regulatory role in physiology and community composition at all concentration levels, not just at the limiting end of the spectrum . Finally, the findings herein also point to an important consideration in the development of numeric criteria for nutrients in estuaries, a challenge that many states are now facing (U.S. EPA, 2010). Many such criteria, or integrated indices of water quality status and trends, are based on total N or P, rather than specific forms of N or P (U.S. EPA, 2010). The more subtle ecological impacts of NH + 4 loading and the importance of changes in NO − 3 :NH + 4 in phytoplankton succession have not been appreciated in nutrient criteria development to date. These findings show that N form is related to the "quality" of phytoplankton and that has previously been related to the trajectory of higher trophic levels in this N-rich ecosystem.
